In Saccharomyces cerevisiae, the inner mitochondrial membrane protein cytochrome c oxidase is composed of nine polypeptide subunits. Six of these subunits (IV, V, VI, VII, VIIa, VIII) are encoded by the nuclear genome, and the remaining three (I, II, III) are encoded by mitochondrial DNA. We report here the existence of two nonidentical subunit V polypeptides, which are encoded by separate genes within the yeast genome. One gene, COX5a, encodes the polypeptide Va, normally found in preparations of holocytochrome c oxidase. The other gene, COX5b, encodes the polypeptide Vb, which cross-reacts with anti-subunit Va antiserum and restores respiratory competency and cytochrome oxidase activity in transformants of coxSa structural gene mutants. This polypeptide also copurifies with the holoenzyme prepared from these transformants. We have found that COX5b is expressed in vegetatively growing yeast cells, and that the Vb polypeptide can be detected in mitochondria from strain JM28, a cox5a mutant. This mutant has 15%-20% residual cytochrome oxidase activity, and it respires at 10%-15% the wild-type rate. By disrupting the COX5b gene in this strain, we show that this residual activity is directly attributable to the presence of a chromosomal copy of the COX5b gene. Taken together, these results suggest that Va or Vb can function as cytochrome oxidase subunits in yeast and that Vb may be used under some specific, as yet undefined, physiological conditions. The biogenesis of a respiratory competent mitochondrion results from the joint expression of two genomes-mitochondrial and nuclear (1). Over the last decade, studies from a number of laboratories have resulted in a fairly thorough understanding of the organization and expression of the mitochondrial genome (for review, see ref.
The biogenesis of a respiratory competent mitochondrion results from the joint expression of two genomes-mitochondrial and nuclear (1) . Over the last decade, studies from a number of laboratories have resulted in a fairly thorough understanding of the organization and expression of the mitochondrial genome (for review, see ref.
2). However, only recently have similar questions begun to be addressed for the nuclear genome. The hetero-oligomeric membrane protein cytochrome c oxidase provides a useful model for investigating nuclear-mitochondrial interactions in yeast. It is composed of nine nonidentical polypeptide subunits, the three largest of which are mitochondrial in origin (I, II, III), while the remaining six are nuclear encoded (IV, V, VI, VII, VIIa, VIII) (3) .
To facilitate studies on the nuclear-encoded subunits of cytochrome oxidase, we have begun to isolate the genes encoding these polypeptides. Previously, we reported the molecular cloning of two of these genes. The structural gene for subunit VI (COX6) was isolated by using two synthetic oligonucleotide probes complementary to the DNA sequence, as predicted from its amino acid sequence (4) . In addition, we have used a subunit V structural gene mutation to clone a gene for subunit V, COXS (5) . Evidence that this gene was COXS came from (i) the restoration of respiratory competency and cytochrome oxidase activity in mutant strains carrying the gene on a multicopy plasmid, (ii) the ability of the plasmid to select subunit V-specific mRNA, and (iii) the appearance of a new cross-reacting subunit V polypeptide in transformant mitochondria (5, 6) .
In this paper, we report that the latter gene, now called COXSb, encodes a subunit V polypeptide that is similar to, but not identical with, the subunit V polypeptide recently sequenced in this laboratory (7) . We also report the molecular cloning of another gene for subunit V, COX5a . This gene encodes a polypeptide identical in sequence to the subunit V polypeptide found in the holoenzyme. We show that both genes are expressed in yeast and their products can function as bona fide subunits in the holoenzyme.
MATERIALS AND METHODS
Plasmids, Strains, and Growth Media. The following Saccharomyces cerevisiae strains were used: D273-10B (mata, ATCC 24657); JM28 (mata, leu2-3 leu2-112 his4-580 ura3-52 trpl-289 ade2 coxfa-J) was constructed as described (5) . JM43 (mata leu2-3 leu2-112 his4-580 ura3-52 trpl-289) was constructed by crossing D273-1OB with AB35-13D (5), then backcrossing to D273-10B five times. JM28-511, and JM28-552 are transformants of JM28, as described in Results. JM28-GD5b2 and JM28-GD5b3 are strains carrying disruptions of COXSb also as described in Results. Parental and transformed yeast strains were grown at 28°C on either YPD, YPGE, SD, or SCD medium (8), as described in the text. Amino acids and nucleotides were added or deleted as required. Solid media contained 2% bacto agar.
Escherichia coli strains used for propagating plasmids were RR1 (F-pro leu thi lac Y St' r-m-endoI-) and HB101 (F-pro leu thi lacY Str' r-m-endoI-recA-). A RecA-derivative of strain JM103 (9) was used as a host for all phage cloning. E. coli strains were grown at 37°C in LB or YT medium (10) . When grown selectively, transformed strains were grown in either of the above media supplemented with 100 ,g of ampicillin per ml.
The shuttle plasmid YEp13 (11) was used in this study. The plasmids YEp13-511 and YEp13-552 were isolated from the yeast library constructed by Nasmyth and Tatchell (12) .
Nucleic Acid Hybridizations. High stringency nucleic acid hybridizations were done at 680C in 6x NaCl/Cit (lx NaCl/ Cit is 0.15 M NaCl/0.015 M Na citrate, pH 7.0)/3x Denhardt's solution (13)/0.5% NaDodSO4/100 ,ug of sonicated salmon testes DNA per ml. Two to three washes were done at 680C in 2x NaCI/Cit/0.5% NaDodSO4, followed by an additional 2-3 washes in lx NaClI/Cit/0.5% NaDodSO4. Reduced stringency hybridizations were at 450C in the same hybridization mix; washes were done the same way as described above, except at 450C. All DNA transfers were to nitrocellulose filters, while RNA was transferred to GeneScreen (New England Nuclear) after separation on 6% formaldehyde/1.5% agarose gels (14) .
DNA Sequence Analysis. Restriction fragments to be se-
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. quenced were subcloned into the M13 phage vectors mp8 and mp9 (15) and were sequenced by using the dideoxy method (16) . Sequencing reactions were analyzed on 6% buffer gradient gels (17) as well as with multiple loadings on 6% sequencing gels.
Purification of Cytochrome Oxidase. Holocytochrome c oxidase was prepared from various yeast strains, using a scaled-down version of our standard procedure (3), with the following modifications. Mitochondria were prepared from yeast spheroplasts and converted to submitochondrial particles by sonication. Ten milligrams of submitochondrial particles were then extracted with 0.3 vol of 20% Fisher cholic acid, followed by overnight precipitation with 50 mg of ammonium sulfate per ml at 40C. After centrifugation, the supernatant was subjected to octyl Sepharose chromatography (0.2-ml bed volume) as described (3), except that the cytochrome oxidase was eluted in 1 ml of buffer containing 5%, rather than 3%, Triton X-100. The exchange centrifugation and desalting steps were accomplished by ultracentrifugation of the enzyme through the appropriate buffers (3) in a microfuge tube. The tube was supported by an O-ring on the rim of a centrifuge tube that had been filled with the same buffer. A typical preparation yields 10-20 ,ug of cytochrome oxidase.
Miscellaneous Methods. NaDodSO4/polyacrylamide gel electrophoresis; immunoblotting; yeast and E. coli transformations; restriction endonuclease analysis; cytochrome oxidase assays; and the preparation of DNA, RNA, and mitochondria were as described (5) . Poly(A)+ RNA was prepared from total yeast RNA by the method of Aviv and Leder (18) .
RESULTS
S. cerevisiae Contains Two Nonidentical Genes for Cytochrome Oxidase Subunit V. Previously, we reported the use of a cytochrome oxidase subunit V structural gene mutation to clone the subunit V gene by complementation in yeast (5) . This mutant, JM28, contains an aberrant form of subunit V, designated Vm. In these initial experiments, a hybrid plasmid, YEpl3-511, isolated from one transformant, JM28-511, was shown to contain a subunit V gene (COXS) on the basis of its ability to restore respiratory competency and cytochrome oxidase activity to mutants harboring it, and its ability to select subunit V-specific mRNA. Curiously, the plasmid-encoded subunit V present in JM28-511, had an apparent molecular weight on NaDodSO4/polyacrylamide gels that was slightly higher than the polypeptide normally observed in yeast mitochondria (Fig. 1A) . Since eight different respiratory-proficient transformants obtained in our initial experiments contained this slower-migrating form of subunit V, we speculated that aberrant processing-possibly due to overexpression of the plasmid-encoded gene-might be responsible for this new form.
We have now localized the COX5 gene on the YEp13-511 insert and subjected the gene to DNA sequence analysis. This analysis indicates that YEp13-511 contains a gene whose protein product, designated Vb, has an amino acid sequence similar to, but not identical with, that of the subunit V polypeptide previously sequenced in this laboratory (see Fig. 3 ). This surprising result led us to look for an additional gene for the subunit V polypeptide, designated Va, which is normally found in preparations of holocytochrome c oxidase. from each of the transformants was subjected to immunoblot analysis using anti-subunit V antiserum. The results of these experiments indicated that six of the transformants harbored plasmids that encoded the COXSb gene. The seventh, JM28-552, contained a plasmid, YEp13-552, whose restriction map (Fig. 2) differed from YEp13-511 and that encoded a polypeptide that migrated identically to that of the subunit V normally found in yeast mitochondria (i.e., see subunit Va in Fig. 1B) .
To show unequivocally that YEp13-552 contained the COXSa structural gene, we sequenced DNA from a region of the plasmid that cross-hybridized with a COXSb probe under conditions of reduced stringency. As indicated in Fig. 3 , the DNA sequence from this region predicts an amino acid sequence in perfect agreement with our previously determined subunit V amino acid sequence, confirming that we had, in fact, cloned the COX5a structural gene. Fig. 3 presents partial DNA sequences for both COX5a and COXSb from that region of the gene for which we have amino acid sequence data. In this region, the NH2-terminal 68 amino acids, the two subunit V genes share only 62% amino acid homology.
COX5a or COX5b Can Function in Holocytochrome c Oxidase. The original mutation used to clone the subunit V genes resides in the COX5a gene, because it is this polypeptide, and not Vb, that is altered as a consequence of the mutation (5, 6) . Because either the cloned COX5a gene itself or the nonidentical COX5b gene can complement the mutation and restore cytochrome oxidase activity to the holoenzyme (Table 1) , we wondered whether the COX5b polypeptide could, under some conditions, functions as a bona fide cytochrome oxidase subunit. We also wondered whether the re- First, COX5b is expressed in yeast and the Vb polypeptide can be detected in mitochondria prepared from the coxfa mutant JM28. Fig. 4A shows an RNA blot of total RNA from the transformant JM28-511, and also of poly(A)+ RNA from a wild-type yeast strain, D273-1OB. The blot was probed with a COX5b-encoding sequence-specific restriction fragment, and as indicated in the figure, the three COX5b transcripts are visible in both lanes. While we expect to observe transcripts for COX5b in the transformant, since the plasmid-encoded gene is being overexpressed, the presence of the same transcripts in poly(A)+ RNA from a wild-type strain indicates that COX5b is expressed in vegetatively growing yeast. In Fig. 4B we present an immunoblot of wildtype and of JM28 mitochondria. While no subunit Vb is observed in wild-type mitochondria, the subunit Vb polypeptide is clearly visible in mitochondria prepared from JM28.
Second, both COXSa and COXSb restore similar levels of cytochrome oxidase activity in coxfa mutant mitochondria when present in yeast on high copy number plasmids. As shown in Table 1 , mitochondria prepared from strain JM28-552 (the cox5a mutant JM28 transformed with a wild-type COXSa gene on plasmid YEp13-552) or JM28-511 (JM28 transformed with a wild-type COXSb gene on YEpl3-511), contain 100% and 70% of the wild-type amount of cytochrome oxidase activity, respectively. Moreover, cytochrome oxidase purified from JM28-511 contains the COX5b polypeptide (Fig. 5) , indicating that COXSb is fully capable of assembling into the holoenzyme complex. Together, these two results-the restoration of a nearly wild-type level of cytochrome oxidase activity by COXSb and the copurification of this subunit with the holoenzyme-argue strongly against the possibility that the COXSb gene is able to complement a COXSa defect fortuitously. Finally, we have been able to show that the residual cytochrome oxidase activity present in the cox5a mutant JM28 results from the presence of a good copy of COXSb in this strain. To do this, we used the one-step gene disruption technique of Rothstein (19) to inactivate the chromosomal COXSb gene in JM28. The experimental strategy used for this disruption is shown in Fig. 6 . After cloning the selectable yeast LEU2 gene into a BgI II restriction site within the COXSb coding sequence, the disrupted gene on a linear BamHI/Cla I fragment was transformed into JM28. LEU+ transformants were screened by Southern hybridization and immunoblot analysis to confirm that the proper integration had occurred (data not shown). Two transformants, JM28-GD5b2 and JM28-GDSb3, were then analyzed for respiratory proficiency (and, hence, cytochrome oxidase activity), by determining the rate of cyanide-sensitive respiration. The results of these experiments are presented in Table 2 These results also raise a number of questions regarding (Fig. 1B, JM43-511 ). This indicates that, if present at sufficient levels, COX5b can be imported into the mitochondrion and, as the data in Table 1 (25) , and the product of either gene can function in respiration. These isozymes share 85% amino acid sequence homology and constitute 95% and 5% of total cytochrome c complement in yeast, respectively. Another, perhaps more analogous, situation is found in the tissue-specific genes of cytochrome oxidase in higher eukaryotes (26, 27) . At least one polypeptide from beef heart cytochrome oxidase, subunit VIa, is clearly different and immunologically unrelated to subunit VIa isolated from beef liver. Each of the remaining 12 subunits appears to be the same. Moreover, tissue specificity seems to override species specificity, in that antibodies against subunit VIa from the same tissue (heart or liver) but from different species cross-react, while antibodies against subunit VIa from the two different tissues within the same species do not cross-react (27) .
Clearly, the specific functions for each of the two cytochrome c isozymes, the tissue-specific polypeptides of higher eukaryotic cytochrome oxidase, and the two subunit V polypeptides of yeast cytochrome oxidase remain to be determined.
